The U1 small nuclear ribonucleoprotein (snRNP) particle, a cofactor in mRNA splicing, contains nine proteins, six of which are also present in other U snRNPs and three of which are specific to the U1 snRNP. Here we have used a reconstituted human U1 snRNP together with snRNP monoclonal antibodies to define the RNA binding sites of one of the U1 snRNP-specific proteins. When Sm monoclonal antibody (specific for the B', B, and D proteins of U snRNPs) was bound to U1 snRNPs prior to micrococcal nuclease digestion, the same %24 nucleotide fragment of U1 RNA (corresponding to nucleotides 120-143 and termed the "Sm domain") was protected as when no antibody was bound prior to digestion. In contrast, when RNP monoclonal antibody, which reacts with the Ul snRNP-specific Mr 70,000 protein, was bound, additional Ul RNA regions were protected against nuclease digestion. This phenomenon, which we term "antibody-mediated nuclease protection," was exploited to map the position of the Mr 70,000 protein to stem-loop I of Ul RNA.
The U1 small nuclear (sn) ribonucleoprotein (RNP) particle is a cofactor in mRNA splicing (1) . U1 RNA is complexed with nine proteins (2) , three of which, termed the Mr 70,000, A, and C proteins (2) (3) (4) (5) (6) (7) (8) , are specific to the U1 snRNP. Human autoantibodies and murine monoclonal antibodies react with snRNPs (9, 10) . In particular, a murine monoclonal antibody, termed RNP, reacts specifically with the Mr 70,000 U1 snRNP protein (11) , whereas a second murine monoclonal antibody, termed Sm, reacts with three proteins that are present in all the U snRNPs (7) .
To understand how the U1 snRNP participates in mRNA splicing, it will be important to know its structure. We have recently reconstituted the U1 snRNP by incubating SP6-transcribed human U1 RNA in a HeLa cell S100 fraction under specific conditions (12) . The reconstituted particle possesses properties of the native U1 snRNP, including sedimentation coefficient, buoyant density, reactivity with Sm and RNP antibodies, and Mg2 -dependent RNP conformation as probed by nuclease digestion (12) . This latter property of both the reconstituted and native Ul snRNPs reflects a switch of particle conformation, in which additional regions of the Ul RNA become nuclease-protected by particle proteins at higher Mg2" concentrations (13) .
In the course of investigating the use of antibodies against Ul snRNP to select RNP fragments after nuclease digestion, we discovered that, if added before digestion, some (but, importantly, not all) antibodies mediate additional nuclease protection in the Ul snRNP. Because one of these antibodies reacts with a specific epitope, we have been able to exploit this phenomenon of "antibody-mediated nuclease protection" to locate a specific protein on the Ul RNA. A brief account of this work has been presented.*
MATERIALS AND METHODS
Reconstitution of Ul snRNP. The Ul RNA gene clone pHU1 (12) was linearized with BamHI and was transcribed with SP6 RNA polymerase in the presence of 1 mM m7GpppG, 50 ,uM GTP, 250 ,uM each UTP, ATP, and CTP, and [a-32P]GTP (4 mCi/ml; 1 Ci = 37 GBq). Unincorporated nucleotides were removed by gel filtration (Biogel P-60). Ul snRNP was reconstituted in a HeLa S100 fraction (12) . Reactions contained 0.5 mM ATP, 20 mM creatine phosphate, 3.2 mM MgCl2, RNasin (400 units per ml), oligodeoxynucleotide complementary to the SP6 polylinker region (40 ug/ml), and 5 ng of 32P-labeled Ul RNA (specific activity 1.0-1.3 x 10' cpm per pug), and 60% (vol/vol) S100 extract. The reconstituted Ul snRNP particle was purified on linear 10-30% glycerol gradients (12) .
Micrococcal Nuclease Digestion in the Presence of snRNP Antibodies. Reconstituted Ul snRNP in 50 mM NH4Cl/20 mM Tris-HC1, pH 7.5/5 mM 2-mercaptoethanol/50 ,uM phenylmethylsulfonyl fluoride were incubated with antibodies or nonimmune IgG (both in 0.15 M NaCl/10 mM sodium phosphate buffer, pH 7.2) at 40C for 30 min, followed by digestion with micrococcal nuclease (5000 units per ml) at 370C for 30 min in the presence of 1 mM CaCl2. The antigen-antibody complexes were selected by binding to protein A-Sepharose as described (14) , and the RNA was isolated from the bound and unbound fractions by proteinase K digestion, phenol/chloroform extraction, and ethanol precipitation. (Particles not preincubated with antibodies or nonimmune IgG were nuclease digested and directly deproteinized, and the protein A-Sepharose step was omitted. ) Sequence Analysis of Protected RNA. RNA fragments from antibody-bound, nuclease-digested Ul snRNP were electro-phoresed on 10% polyacrylamide/8.3 M urea gels under denaturing conditions. RNA bands were visualized by autoradiography, eluted, and incubated with specific complementary oligodeoxynucleotides (see Fig. 2A ) in the presence of a HeLa nuclear extract as a source of RNase H activity (15) . The products were recovered by proteinase K digestion, phenol/chloroform extraction, and ethanol precipitation and were subjected to electrophoresis as described above. In other experiments, the initial RNA bands were eluted and digested with RNase T1 and reelectrophoresed.
Immunoblot RNA, corresponding to the previously described "Sm domain" (13, 19, 20) . Since this sequence is the same as the one protected when U1 snRNP is digested without prior antibody binding (13, 19, 20) We used a series of complementary oligodeoxynucleotides ( Fig. 2A) (12) was treated with Sm or RNP monoclonal antibody, mouse IgG, or buffer and then was digested with micrococcal nuclease (5000 units per ml). The RNP fragments containing bound antibody were selected by protein A-Sepharose. The material recovered (Bound), as well as the material flowing through protein A-Sepharose (Non Bound), was deproteinized and electrophoresed on a 10% polyacrylamide/urea gel. The approximate sizes (in nt) of some of the bands (estimated by comparison with DNA size markers) are indicated. The numbers (1) (2) (3) (4) next to the bands in the bound lane labeled RNP denote RNA fragments excised from the gel for subsequent experiments. In the cases in which particles were not first incubated with antibody, they were digested with nuclease and directly deproteinized, omitting the protein A-Sepharose step. MN, micrococcal nuclease. fragment obtained after digestion in either the presence or absence of Sm antibody (Fig. 1) was incubated with oligomer V, which is complementary to the Sm domain ( Fig. 2A) . As can be seen in Fig. 2B , this RNA was completely digested when oligomer V was present.
The same RNase H method was then used to identify the protected RNA fragments obtained after digestion of U1 snRNP to which RNP antibody had first been bound. As shown in Fig. 2C , protected RNA band 1 (see Fig. 1 ) was cleaved only with oligomer I, and band 4 was cleaved only with oligomer III. In contrast, bands 2 and 3 were cleaved with either oligomer IV or V. None of the bands were cleaved by oligomer II, which is complementary to the second loop of U1 RNA. It is of interest that the slowest migrating minor RNA band observed with Sm antibody is not oligomer V-sensitive (arrow, Fig. 2B ), suggesting that it might be the same RNA fragment as band 1 seen with RNP antibody.
From the lengths of the protected RNAs as determined by their mobility in denaturing gels (Figs. 1 and 2C ) and the fact that none of the sequences complementary to the oligonucleotides appear more than once in U1 RNA, the oligodeoxynucleotide/RNase H cleavage results lead to the map shown in Fig. 3 . The sequence composition of bands 1 and 3 (see Fig. 1 ) was confirmed by RNase T1 digestion (data not shown). The widths of the stippled bars (Fig. 3) (Fig. 2 B and C) , it follows that the Mr 70,000 protein were incubated with RNase H and oligomer V (V). The RNA products were isolated and electrophoresed along with an equivalent amount of input RNA not exposed to the oligomer (-). (C) The U1 RNA fragments protected from nuclease digestion after pretreatment of U1 snRNP with RNP antibody (bands 1-4 in Fig. 1 ) were incubated with the indicated oligomer in the presence of RNase H. The RNA products were isolated and electrophoresed along with an equivalent amount of input RNA not exposed to the oligomer (-). Oligo, Oligomer. The approximate sizes (in nt) of some of the bands are indicated.
interacts not only with stem-loop I but also with the indicated regions of stem III and the Sm domain (Fig. 3) . that are found in the major, nucleoplasmic snRNP. Here we have studied the location of one of the Ul-specific proteins in the Ul snRNP by exploiting an antibody-mediated, nuclease-protection phenomenon. Using conditions of nuclease digestion in which only the Sm domain of (untreated) Ul snRNP is protected, we found that if a monoclonal antibody to the Ul-specific Mr 70,000 protein is bound to the particle before nuclease digestion, additional RNA sequences are protected (Fig. 1) .
What does this phenomenon of antibody-mediated nuclease protection reflect? It is not a matter of simply any antibody binding to the Ul snRNP, since Sm monoclonal antibody does not cause significant additional nuclease protection (Fig. 1) . Of the 9 or 10 (2, 22) proteins present in the human U1 snRNP, the binding sites of four are now known: the Mr 70,000 protein (this report) and the Sm antibody-reactive B', B, and D proteins (19) . The approximate locations of three other proteins, E, F, and G, can be inferred from the observation that they are recovered together with the B', B, and D proteins in Sm antibody-reactive antigenic complexes after nuclease digestion of U1 snRNP (data not shown). This is in agreement with the previous conclusion (19, 23) (20, 21) .
This extensively protein-covered structure of the U1 snRNP is reminiscent of the signal recognition particle (24) (25) (26) . The fact that so much of the RNA is proteincovered in the U1 snRNP restricts the possibilities for intermolecular base pairing with other RNAs (notwithstanding the 5' ends pairing with pre-mRNA 5' splice sites). It is possible that the snRNPs participating in mRNA splicing interact with each other, and some evidence for snRNP-snRNP interactions in the spliceosome has been presented (27) . The fact that almost all of the RNA in the U1 snRNP is complexed with protein reduces the possible sites for base pairing with other snRNP particles to loop III and/or the 3' half of (an unwound) stem IV. Alternatively, perhaps snRNP-snRNP associations, to the extent that they occur altogether, are mediated by protein-protein interactions or by dynamic protein dissociation from spliceosomeassociated snRNPs , thereby uncovering snRNA sequences for possible inter-snRNP base pairing.
The accurate recognition of pre-mRNA 5' splice sites in vitro requires the RNP form of U1 RNA (28) . Moreover, the U1 RNA that can be psoralen-crosslinked to pre-mRNA in situ is reactive with U1 snRNP antibodies (29) , and such antibodies block splicing in vitro (30) . Thus, it is clear that the RNP form of U1 RNA is the functionally important one.
Perhaps the requisite base pairing between the 5' splice site of pre-mRNA and the 5' end of U1 RNA (31) requires stabilization by protein (28, 32) , just as codon/anti-codon base pairing may be stabilized by ribosomal proteins. Our finding that the M, 70,000 protein is positioned close to the functional 5' terminus of U1 RNA, on stem-loop I, raises the possibility that it functions in splice-site targeting and/or binding stabilization. An interesting question is whether a U1 snRNP lacking the Mr 70,000 protein, but complete in all other respects, would be capable of functioning in splicing.
Note Added in Proof. While this paper was in press, Hamm et al. (33) reported that the first stem-loop of Xenopus U1 RNA is necessary for binding of the Mr 70,000 protein and also presented evidence for an interaction between the Mr 70,000 and Sm proteins.
